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Abstract
We present a proposal of a full scale demonstration plant of the Energy
Amplifier (EA), following the conceptual design of Ref. [1].  Unlike the
presently on going CERN experiments, reaction rates will be sufficiently
massive to permit demonstrating the practical feasibility of energy generation
on an industrial scale and to tackle the complete family chains of (1) the
breeding process in Thorium fuel, (2) the burning of the self-generated
Actinides, (3) the Plutonium (higher Actinides) burning of spent fuel from
ordinary Reactors and (4) Fuel reprocessing/regeneration.
The accelerator must provide a beam power which is commensurate to
the rate of transformations which are sought.  No existing accelerator can
meet such a performance and a dedicated facility must be built.  We describe
an alternative based on the superconducting cavities (SC) now in standard
use at the LEP e+-e- collider which is scheduled to terminate its operation by
year 2000.  After this time, with reasonable modifications, the fully operational
and tested LEP SC-system offers the formidable opportunity of being redeployed
elsewhere, accelerating a large (30 mA) proton current to at least 1 GeV required by
the full scale (1500 MWthermal) EA operated at the conservative multiplication
coefficient, k = 0.95.  Due to the high efficiency of the SCs, even at such small k-
value — typical for a “repository” — the fraction of electric power for the
accelerator is about 10%.
The LEP-SC system is now fully industrialised and it may constitute a
well tested and sound basis for the further development of the commercial se-
ries.  Heat produced by the EA is considerable (4,650 Tons coal/day or 22,700
Barrels/day) and justifies our design which is very close to the one of Ref. [1]
and to the one of a commercial prototype.  At first, one can assume that heat is
simply thrown away.  Later on, local commercialisation of such energy source
is worth considering.  The most obvious application is electricity generation.
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31.— GENERAL DESCRIPTION.
The development of the EA is now ripe for the realisation of a
demonstration plant capable of large power generation, according to the lines
of the already published basic design [1].  When compared with present
experimentation [2] the aim of this project is the one of exploring and
demonstrating all the main features of the EA programme.  The main
difference is therefore that the reaction rate is sufficiently large to produce the
type of bulk transformations which are inherent with (1) the breeding process
and (2) the incineration of the unwanted products, mainly Actinides
produced in the process and elsewhere (PWRs) [3].
The thermal power which is produced is therefore considerable and has
to be dissipated, which justifies the realisation of a heat generating unit which
is as close as possible to the design of the final machine.  Though initially
relatively small, it should grow in the successive phases up to the design
figure of about 1500 MWatt.  In the first stages of such development, one can
reasonably assume  that such power is simply thrown away.  At later stages,
when the performance of the EA will become steadier and larger, the practical
recovery  of such power is worth considering.  The most obvious application
is electricity generation.
In turn the accelerator must provide a beam power which is
commensurate with the amount of bulk transformations which are sought.
No  existing accelerator can meet such a performance and an ad-hoc facility
must be built.
The EA demonstration complex (Figure 1) can be divided in three main
components, namely (1) the accelerator (2) the heat generating unit and (3) the
heat dissipation or utilisation devices.  In view of the developmental aspects
of this initial project, the properties of the accelerator are more conservatively
designed than in the purely commercial device.  In particular, the accelerated
current should provide a wider margin for operation at multiplication
coefficients k which are significantly smaller than the one chosen in Ref. [1].





  with   GO ≈ 2.5
If we wish conservatively to attain full power with k = 0.951, which
satisfies to the “repository” definition for the core of the EA, the
corresponding gain is G = 50.
1 In Ref. [1] the nominal value of k=0.98  corresponds to G = 125 and the  current of only

















































































































































































































































Figure 1.- General principal diagram of the Energy Amplifier.  The proton beam
current of 30 mA accelerated to about 1 GeV is introduced in the Heat
generating Unit with an energetic gain G = 50 for the conservative
multiplication coefficient k= 0.95.  Heat is extracted and used to generate
electricity, a part of which is used to feed the  accelerator. About every 5
years (100 GW t/d) the fuel is “regenerated”, removing the Fission











































Figure  2. - Beam power as a function of the multiplication coefficient k for different
values of  the produced thermal power.
 In Figure 2 we give the beam power in units of mA · GeV as a function
of the chosen operating point of the multiplication coefficient k for different
thermal power outputs from the EA.  For the conservative choice k = 0.95, the
nominal power of 1500 MWatt is attained with a beam power of 30 mA ·
GeV.
In the conceptual design of Ref. [1] a three stage cyclotron has been
discussed.  Instead, in the present proposal, and in order to ensure such a
conservative performance k-margin with the prototype of the EA and to save
on costs and development time, it is proposed to adapt to such an effect the
superconducting accelerating system of LEP200 [4], which is becoming
available as surplus from CERN  by the end of year 2000 [5].  Such
6equipment2 can be easily adapted to proton acceleration simply modifying the
RF-phase velocity in order to fulfil the now non relativistic nature of the
accelerated particles.  At present LEP currently handles continuously about
3.5 mA of e– and of e+ (total current 7 mA).  With further improvements
(phase IV to be completed by 1998) it will reach eventually a current Ib cos f s
= 14 mA with a voltage gain at each pass which will ultimately reach 2.5 GeV,
corresponding  to a value in excess of 30 mA · GeV, the EA’s most
conservative requirements.  Therefore  we see no foreseeable major difficulty
to be able to operate at k = 0.95 at full power.
The power efficiency is high, because of the superconducting nature of
the accelerating structures.  Efficiency is estimated in excess of 0.503 from
mains to beam power and it corresponds to a re-circulated power fraction
which is approximately 10% at k  = 0.95.  The choice of the final energy of the
accelerator and the consequent number of cavities is not very critical.
Evidently the total RF-power, which is roughly constant for a given current ·
energy product has to be differently distributed over the number of chosen
cavities.  The nominal value 30 mA · GeV corresponds to slightly more than
30 MWatt of RF power or 24 (30 with operational margin) commercially
produced klystrons of the type developed by CERN (the total installed RF
power at LEP phase IV will be 44 MWatt).  In practice the number of klystrons
may be gradually increased during the process of commissioning,
proportionally to the amount of beam power required.4  The main parameters
of klystrons are in Table 1.
Table 1.  - Main parameters of the CERN klystrons [6]
Rated Output Power 1300  kW (CW)
Operating Frequency 352.21 MHz
DC-to-RF Conversion Efficiency 65%
RF Gain ‡ 40 dB
Operating Voltage 100 kV
Operating Current 20 A
Water flow 2300 l/h
2The financial investment for the cavities at CERN has been of approximately 300 MCHF,
excluding civil engineering and cryogenics.
3As a comparison, the three stage cyclotron of Ref. [1] has an efficiency of order 0.40[1].
4 The cost of a CERN 1.3 MWatt klystron, including its basic supporting equipment  is about
1 MCHF.
7The potentialities of a superconducting proton LINAC in connection
with the EA have been elucidated in a recent paper by Ruggiero [7].  Similar
studies have been carried out also by different authors [8].  In the following
we shall follow the approach of Ref. [7], in which, however, one has assumed
the much higher RF frequency of 805 MHz.  In our view the lower frequency
of LEP is an added advantage, since it ensures a larger cavity hole and it has
no other appreciable counter-indication.  Therefore even on general grounds
we are brought to a LEP type solution.
The smallest energy at which the superconducting acceleration with
(modified) LEP-type cavities can realistically begin is of the order of one to a
few hundred MeV.  A proton kinetic energy of this order must therefore be
attained by conventional acceleration with normal conducting RF.  Two
schemes are possible.  In a first alternative the LINAC technology is extended
all the way from the source, with a commercial Drift Tube structure (DTL)
preceded by an RF-Q and the transition between the two at about 3/6 MeV.
In a second alternative the first two stages of the cyclotron scheme described
in Ref. [1] are used as the injector to the superconducting LINAC.  The first
solution, namely a full LINAC has the advantage of being essentially
commercially available5 and it can all operate at the same frequency as the
LEP cavities (352MHz).  The latter solution is comparable in cost, but it
requires a more intensive R&D activity. In particular the longitudinal
emittance matching between the injector and the SC-LINAC is rather delicate.
In short, the latter alternative is more innovative, a step in the direction of
development of a dedicated, compact machine for further, commercial
applications of the EA.
The beam, after acceleration is transported to the energy generating tank
which is located in an underground silo of dimensions given in Ref. [1].  It
should be possible at this stage to test and commission the accelerator
independently of the energy generating tank and therefore a switchyard and a
separate beam  dump must be provided.  This switchyard could also be
intended as the entry point to a number of other uses of the accelerator,
especially in fields of fundamental physics and of spallation neutrons6.  These
5 The approximate cost of the 100 MeV DTL injector is of the order of 40 M$.   It could be
operated with the same type of klystrons as the LEP cavities.  The RF-Q is also available
commercially and it must be preceded by a HV pre-injector column. The proton source of
required performance is also available and presents no special problem.
6 A full scale neutron spallation target of the type planned for the European Spallation source
Project requires 5  mA · GeV.  The beam however must be pulsed on a succession of short
pulses.  Presumably a storage/buffer ring must be inserted between the LINAC and the
target.  Negative ion injection is an ideal way of performing the beam stacking.
8subjects fall outside the purpose of this paper and therefore will not be further
discussed.  However the fact that there exists a large domain of different,
interesting utilisations for the accelerator of the performance here described
must be stressed.
Following Ref. [1], the energy generating unit is a slim cylindrical
structure, about 30 metres deep and 6 metres in diameter  filled with molten
Lead and in which the heat produced by the beam induced reactions of the
core is extracted by natural convection.  The heat exchangers are located
around the top of the vessel and should be capable of extracting the full
power produced by the EA (1500 MWatt).  As already pointed out, in a first
phase all this heat can be simply dissipated in the environment.  But at a later
stage, when the operation of the EA has been established on firmer grounds,
the possibility of using this energy in order to produce electricity should be
considered, since this energy has a potential commercial value.
In order to protect against the accidental melt down of the core, should
all other heat extracting system fail, natural convection establishes a simple
heat transfer between the core and the external walls of the vessel.  Cooling
these walls by convection is automatically and continuously ensured with the
help of natural air draft driven by the temperature differences and exhausted
by a chimney.  A strongly temperature dependent heat flow controlling
element is given by the natural radiative heat (Stefan law, » T 4) across the
emptied gap of the double walled vessel.
The proton beam is bent to the down going direction and enters the
vessel through a long beam pipe and a thin window.  Break-up of the window
or an otherwise caused tank overheating will automatically fill the beam pipe
and an enlarged region which acts as a molten Lead “beam stopper” volume,
introducing more than 20 metres of shielding barrier to the core.
The fuel assemblies can be moved in and out with the help of a
pantograph device.  A first, provisional storage station is foreseen inside the
tank, along the long convective chimney.  Elements can be moved in or out
through the top tank assembly.  An appropriate local storage place
(swimming pool) must be provided in the vicinity of the EA.
The whole tank assembly must be part of a containment dome to ensure
that there is no risk of accidental leak of radioactivity in the atmosphere.
92.— A LEP-DERIVED LINEAR SUPERCONDUCTING ACCELERATOR.
As already pointed out, the recovery of a very substantial amount of
accelerator components at the end of the LEP200 programme7 at CERN offers
an unique opportunity of realising a superconducting proton accelerator with
parameters which are significantly in excess to the ones indicated in Ref. [1].
This is particularly useful in this first demonstration phase and it permits for
instance to  relax considerably the value of the multiplication coefficient k,
still maintaining a large output power.
The technology of the SC-cavities has been well developed at CERN and
elsewhere and there is no doubt that after several years of continuous
operation at CERN these cavities could be brought back quickly and easily
into operation at the EA site.  The liquid Helium cryogenic equipment is fully
commercial and large plants of this kind have been in operation in many
places without difficulties since several years.
While there is extensive experience in acceleration of electrons and
positrons with the LEP cavities, the extrapolation of their use to non-
relativistic protons requires some studies and some modifications in the
actual geometry of the cavities.  However the most critical elements of the
design, and in particular the RF-Couplers and the RF sources can be used as
they are.  The LEP200 accelerating structure consists in a series of
superconducting cavities made of four spherical cells each. Each cell has a
nominal length along the beam line which is half of the RF wavelength
(352MHz, corresponding to 85.2cm).  Radio frequency power is generated by
1.3 MWatt klystrons (Table 1) and fed into each cavity through an appropriate
coupler, reaching cryogenic temperature.  Four of these cavities of four cells
each are packed in a cryo-module.
In the case of LEP200 the main purpose of these cavities is the one of
compensating for the energy losses due to synchrotron radiation around the
LEP orbit.  Therefore particles are fully relativistic and of essentially constant
energy at all times and all cavities have an identical geometry.  If protons
replace the electrons or positrons, while the action of the gradient to the
particles and the effects of the beam current on the cavity are essentially the
same, the continuously varying speed and non relativistic nature of the
accelerated particles implies a different synchronisation between the phases of
the individual cells of the cavities.  It will be notwithstanding impossible to
tailor exactly each of the many cells to such differences.  Therefore some

























Proton beam energy, MeV
Figure 3. - Gradient loss as a function of the
proton beam energy for a four cell
cavity optimised at T= 135 MeV.
phase slippage is permitted on
average with consequent less
efficient use of the produced
gradient.  In practice it is
possible to accelerate with a
gradient loss of only a few
percent a proton beam from
100 MeV all the way to a 1 GeV
with only three8 different
geometries of cells/cavities.
Above 1 GeV proton kinetic
energy the LEP200 cavities can
be used as they stand.  Below
100 MeV cavities have to be
further distorted and some
doubt  ex is ts  on  the
consequences of such a large
change.  Also, the proton speed
varies rapidly with acceleration
and for instance another set of
three different geometries
would be required to cover the
energy interval 10-100 MeV.  Although extending the SC option down to
energies much smaller than 100 MeV is probably possible — though only after
significant developments9 — it appears more convenient at this stage to make
use of a standard and commercially available DTL structure, also operating at
352 MHz and fed by the same klystrons as the rest of the machine.
Assume that a four cell unit has been optimised in such a way as to have
the correct phase advance/cell for protons of speed b
o
.  This is simply
realised by compressing the cell length to   lcell = b o l RF 2 .  The correct average
relative phase for each 4-cell cavity is of course tailored to the speed
variations of the beam at the level of the RF supply.  These figures are given
for a synchronous accelerating phase of -30 ° , but are very little affected by the
8 Ruggiero [7] has used only two sets of cavities, one for the interval 100/300 MeV and the
other for 300/1000 MeV.  Pagani et al. [8] have proposed 3 sets of cavities and a choice of
parameters which are  very close to the ones of this paper. Their conclusions are in agreement
with ours.
9 In particular it would require the development of a different accelerating structure, based
on the DTL geometry. This is of course possible, but it would require new developments
leading to an overall efficiency gain which is relatively modest.
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choice of this phase10.  If particles are injected with b „ b
o  
though the central
phase can be correctly matched by feeding the RF with the correct phase,
some mismatching will occur in the cavities, with consequent change in the
observed gradient.  The loss of gradient as a function of the energy shift is
shown in Figure 3.  If we assume that a loss of gradient is acceptable provided
it is smaller than say 10% a substantial energy window is apparent11.  As
shown in Figure 4 it is then possible to  cover the full interval 100 – 1000 MeV
with three different types of cavities.  Likewise, the unmodified LEP cavities





























Proton kinetic energy, MeV
b =0.48 b =0.60 b =0.76 b =1.00 
Figure 4.- Coverage of the full energy range, starting from 100 MeV with a set of
cavities, according to the parameters of Table 2.  The full  energy range
can be easily covered with a relative gradient loss which is acceptable.
The summary of the different types of cavities is shown in Table 2.  The
nominal field gradient of the cell has been somewhat reduced in the case of
the lower- b  cavities, because of the potential risk that the required shape
deformations might increase multi-pactoring effects.  This and other points
10 In particular  the longitudinal phase stability and motion are not significantly affected by
these local  speed mismatches.
11 It has been verified also that the synchrotron motion of the particles is also unaffected by
such a small, local  variation of the operating phase from cell to cell.
12
will of course be the object of a model study which can be performed using
most of the test equipment already existing and used for LEP20018.
























EA-1 0.48 131.23  98.22 186.20 0.204 5.2 4.24
EA-2 0.61  245.7 176.60  376.34  0.260 5.6 5.82
EA-3 0.77 532.12  344.42 1069.92  0.328 6.0 7.87
LEP200 1.00 >> 1 GeV 1012.50  0.422 6.0 10.13
Focusing must be provided all along the LINAC structure.  This is easily
achieved by locating some small size quadrupoles between the groups of
cavities in order to provide an appropriate alternate gradient focusing.
The beam hole in the cavities is particularly large, some 35/30 sigma’s of
the beam size.  Hence very little or no beam halo is expected to hit the
cavities. At any rate some scraping protection could be installed for instance
at the transition between the normal and superconducting sections and
eventually in some of the quadrupoles.
The maximum current which can be accelerated is of course determined
by many phenomena. In the present regime one of the most relevant is the
amount of power which must be fed by the power couplers into the cryogenic
environment.  The nominal operating power of the LEP200 couplers is
125kW, but experience with LEP20014 and at the ESRF  shows that powers in
excess of 200 kW are possible.  In Figure 5 we give the power transmitted
through the coupler as a function of the accelerated current for the different
types of cavity.  Lower - b  cavities require less power since they are shorter
and hence generate a smaller voltage gain.  As one can see, currents up to
25/30 mA could be accepted without strengthening the power couplers.
In view of the availability of the RF-cavities of LEP200 and of the fact that
the EA essentially requires beam power, weakly dependent on the beam
kinetic energy provided above 1 GeV, two extreme alternatives are possible,
with a continuum of intermediate schemes:
12 For a -10% loss in gradient due to dephasing.
13 For a -10% loss in gradient due to dephasing.
14 The LEP couplers are routinely tested at warm temperature to 200 kWatt and at cryogenic
























LEP 200 design value 
Figure 5. - Power through the coupler to a four
cavity cell of the type of Table 2 as a
function of the current of the
accelerated beam.
1) The accelerator is limited to 1 GeV and the correspondingly higher
required current (25/30 mA) is accelerated.  The resulting bare
accelerating structure is about 350 m long, to which the space of
quadrupoles, cryostats, etc. has to be added.
2) Acceleration is pursued beyond 1 GeV with the help of all the surplus
LEP cavities, used without modifications.  The maximum kinetic
energy is then determined by the total amount of cavities, presumably
2.5GeV. The required proton current is therefore correspondingly
reduced to about 10/12 mA.
In  both alternatives the RF power is essentially the same, since in view
of the specific nature of the SC cavities, the generated RF power is transferred
efficiently to the proton beam. As already pointed out  klystrons come in units
of 1.3 MWatt nominal RF power (CW).  Some 30 klystrons15, including a
reasonable operating margin, are therefore required to provide the peak beam
power of 25/30 mA ·  GeV.  Note that it should be possible to install
gradually additional klystrons during the progressive development of the EA
and in order to satisfy the demand as a function of the progress achieved.
Setting conservatively the consumption of the ancillary  SC-LINAC
equipment to 1.0 MWatt, and
the refrigeration power to 2.0
MWatt, the overall energetic
efficiency of the SC-LINAC is
about 53% for the above
indicated nominal beam
power, required in order to
attain full power with a
reduced mult ip l icat ion
coefficient k = 0.950.  The total
electric power required is then
of the order of 51 MWatt,
which is about 8.2% of the
gross electricity production
expected [1] from the
installation.
Note that, for instance, at
k=0.975, the  beam power and
15 The total number of klystrons from the LEP200 recovery will be 44.
14
hence the number of klystrons will be halved. The overall accelerator
efficiency will slightly drop to 50%, and the power to operate the SC-LINAC
will drop to 27 MWatt, or 4.3 % of the gross electricity production.
The variation of capital costs as a function of the operation value of k
within the limits set by the cavities and their RF-couplers, is mainly due to the
additional power RF.  It is relatively modest, since the RF cost is of the order
of 0.7 MECU/MWatt.  Therefore the added safety coming from a lower k-
value is achieved at a relatively modest incremental capital cost.
3.— THE LOW ENERGY INJECTOR.
The low energy injector must provide the proton current at a sufficiently
high intensity, so that it can be finally injected and accelerated in the main
LINAC.  The injection energy has been set to 100 MeV and the current is
either about 30 mA for a final acceleration to 1 GeV or 10/12 mA if the full
energetic impact of the surplus LEP200 cavities were to be exploited.  The RF
matching conditions between the injector and the main LINAC are important;
in particular the radio frequency of the LINAC is set to 352 MHz.
The most obvious alternative for the injector is a LINAC structure with
Drift -Tube structure.  These cavities realise normally a shunt impedance of
the order of   ZO = 30 Mohm/m.  This implies a power consumption at zero
beam loading   Po  which is not negligible and which depends linearly from the
length and obviously the cost of the accelerating structure,
  Po = E
2 /(2cos2( j )ZOL).  Setting for instance j  = -30 ° , the active length
L = 100 m and E = 108 Volt (1 MeV/m), we get   Po »  2.2 MWatt, which is a
reasonable value.  To this value one has to add the beam loading itself, which
amounts to some 1.0 MWatt for 10 mA beam current and obviously
proportional to it.  Therefore for the solution 25/30 mA and 1 GeV protons
the pre-injector will require about 5.2 MWatt of RF power (5 LEP klystrons,
with operating margin), or 5.2/0.65=8.0 MWatt main loading, which is large
but not unacceptable.
Several commercial companies have the required competence in order to
build such an injector16.
The pre-injector with  an energy of the order of 3/6 MeV is a RF-Q,
which operates very well at our frequency choice, though relatively
16  The estimated cost is around 40 MECU.
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cumbersome.  The RF-Q is in turn fed by a HV column of few hundred kV.
The ion source is commercially available and presents no problem.
A possible alternative to the LINAC injector could be a circular cyclotron
with an energy of the order of 100 MeV. These are the first two stages of the
accelerator design described in Ref. [9] with however a different value of the
RF frequency which is now set to the forth sub-harmonic of the LINAC,
namely 88 MHz17. The maximum current which can be accelerated is presum-
ably in slight excess of 10 mA.  If currents of the order of 25/30 mA are
needed, it is unlikely that the cyclotron option could meet our demands, un-
less of course one would accept the added complication of merging longitu-
dinally the beams of several machines operating in parallel. As already
pointed out, the frequencies and the longitudinal phase space of the cyclotron
and of the LINAC are different and matching requires careful considerations.
Notwithstanding these difficulties, the cyclotron option offers a
significantly higher energetic efficiency in the case of smaller accelerated
currents than the Drift Tube and it must be retained as an alternative if all
LEP cavities were to be deployed and the current limited to »  10 mA.
Table 3. -  Indicative gross power consumption of  the Main Accelerator com-
ponents and 30 mA ·  GeV   beam power (k = 0.95 and full power EA)
MWatt
Main superconducting LINAC(100/1000 MeV)
         1) RF generation 48
         2) Cryogenics 2.0
         3) Ancillary 1.0
Warm injector (6/100 MeV) 8.0
RF-Q pre-injector (0.1/6 MeV) £  1
Miscellanea 3
Total 63
Efficiency (gross, mains to beam) 47.6%
In conclusion we propose as initial choice the solution of 1000 MeV
LINAC with  30 mA maximum current (Figure 6), keeping the deployment of
the full LEP cavity surplus (2.5 GeV, 10 mA) as a back-up solution in case of
problems associated with the increased power (couplers) could present
unforeseen problems.















Alternative at 1 GeV @ 25/30 mA
Full Linac Option
Figure 6.- General diagram for the 1 GeV full LINAC alternative. The current













































Intermediate 120 MeV   88MHz
2 Injectors 15 MeV 88MHz
Main-cavity
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Alternative at 2.5 GeV @ 10/12 mA
 Linac/Cyclotron Option
RF matching section
88.0 =>352 MHz (1/4)
Figure 7.- General diagram for the 2.5 GeV Cyclotron-LINAC alternative. The
current required for the full EA power  and k=0.95 is slightly in excess of
10 mA.
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As a consequence, the injector is a DRIFT tube structure preceded by a
RF-Q.  The cyclotron solution is an elegant alternative solution (Figure 7),
depending on the possibility of producing the required current (30mA or
10mA depending on the choice of the main accelerating unit) and of the
bucket matching to the main LINAC.  The definitive choice can be made once
model studies of cavities of Table 2 have been completed18.
4.— THE HEAT GENERATING UNIT.
The heat generating unit (Figure 8)  follows closely the design of Ref. [1].
The main parameters are listed in Table 4. The machine can be operated with
a variety of fuels.  As reference we give in Table 4 parameters for
Thorium/233U filling.  For other types of operation we refer to Refs. [1] and
[3].
In short it consists of a "swimming pool", about 6 m in diameter and 30 m
tall, filled with molten Lead.  The vessels, head enclosure and permanent
internal structures are fabricated  and shipped as an assembled unit to the
site.  The shipping weight is then about 1500 tons.  Removable internal
equipment is shipped separately and installed through the top head. The
relatively slender geometry enhances the uniformity of the flow of the molten
Lead and of the natural circulation for heat removal.
A high energy beam is injected through the top and made to interact in
the Lead near the core. The heat produced by the nuclear cascade is extracted
by the Heat Exchangers.  Most of the inside of the vessel is free of
obstructions, in order to permit a healthy circulation of the cooling liquid.
The circulation of the Lead in the vessel is ensured exclusively by natural
convection.   There are four 375 MWth heat exchangers to transfer the heat
from the primary Lead to the intermediate heat transport system.  They must
be designed in such a way as to introduce a small pressure drop in order not
to slow down too much the convective cooling flow.  The liquid exiting from
the core at about 600/650 ° C once cooled to 400 ° C by the heat exchangers,
descends along the periphery and feeds the lower part of the core and the
target region.  A thermally insulating wall separates the two flows.
18 To this effect, all the required testing equipment exists at CERN, as a spin-off of the LEP200
development work.  The competent staff which has created the LEP200 system has in
addition the invaluable experience and the full know-how to carry out such a development.






















































































Figure 8.- General layout of the heat generating unit (from Ref. [1]).  The whole silo
is underground, below the indicate grade level.  (EBDV stands for
Emergency Beam  Dump  Volume).
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Table 4. -  Main parameters of the Energy Amplifier  (Thorium operation) [1]
Gross Thermal Power/unit 1500 MW
Primary Electric Power 625 MW
Type of plant Pool
Coolant Molten Lead
Sub-criticality factor k, (nominal) 0.95
Doppler Reactivity Coefficient, (D k/ D T) – 1.37 ·  10-5
Void coefficient (coolant) D k/( Dr/r) + 0.127
Nominal energetic Gain 50
Accelerator re-circulated electric Power 60 MW
Fraction Electric Power recirculated in Accel. » 0.10
Control Bars none
Scram systems(3) CB4 rods
Seismic Platform yes
Main Vessel
Gross height 30 m
Diameter 6 m m
Material HT-9
Walls thickness 70 mm
Weight (excluding cover plug) 2000 ton
Double Liner yes
Proton Beam and Spallation Target
Accelerator type19 Supercond. LINAC
Number of beams 1
Accelerator overall efficiency20 50 %
Kinetic energy (two options) 1.0 (2.7) GeV
Nominal current 30 (12) mA
Nominal beam Power 30 MW
Maximum  current 30 (12) mA
Spallation Target material Molten Lead
Beam radius at spallation target 15.0 cm
Beam window Tungsten, 3.0 (1.5) mm
Max. power density in window 113 W/cm2
Max. Temp. increase in window 137 ° C
Window expected lifetime ‡  1 year
19 With redeployed LEP200 cavities. The injector (100 MeV) is either a normal-conducting
DTL or a two stage isochronous Cyclotron.
20  Beam power/Mains Load.
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Fuel Core
Initial fuel mixture21 ThO2 +0.1233UO2
Initial fuel mass 28.41 ton
Cladding material22  low act. HT-9
Specific power23 52.8 W/g
Power density 523. W/cm3
Average Fuel Temperature 908 ° C
Maximum Clad Temperature 707 ° C
Dwelling time (eq.  @ full power) 5.0 years
Average Burn-up 100.0 GWd/t
Breeder Core
Initial fuel mixture ThO2
Initial fuel mass 5.6 ton
Cladding material  low act. HT-9
U233 stockpile at discharge 242.7 kg
Power density at end cycle 3.0 W/g
Primary cooling system
Approximate weight of the coolant 10,000 ton
Pumping method Nat. Convection
Height convection column 25 m
Convection generated primary pressure 0.637 bar
Heat exchangers 4 ·  375 MW
Decay heat removal RVACS
Inlet temperature, Core 400 ° C
Outlet temperature, Core 600 ° C
Coolant Flow in Core 53.6 ton/s
Coolant speed in Core, average 1.5 m/s
Decay Heat Passive Cooling (RVACS)
Riser channel gap width 18 cm
Downcomer channel gap width 57 cm
Trigger Temperature 500 600  700 ˚C
EA Coolant max Temperature rise 110 83.5  64.5 ˚C
Time to max.Temperature  rise 17.5 11.2 9.5 hours
 Outlet air Temperature (@ max. temp.) 273 302 334.3 ˚C
 Outlet air Speed (@ max. temp.) 13.4 14.2 15.2 m/s
Air flow Rate (@ max. temp.) 52.8 56.1  60 m3/s
Extracted Heat (@ max. temp.) 8.57 9.65  10.84 MW
21 Metal fuels also considered, following the ANL design and proposal.
22 Corrosion studies are pending. Excellent results have been apparently achieved by
V.Orlov in Russia.
23 This is about a factor two lower than the current figure in Superphenix, MONJOU etc.
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In order to have an effective circulation at the chosen power level (1500
MWth), the temperature gradient across the Core must be of the order of
200/250 oC.  The volume inside the vessel can be ideally divided in three
separate regions, namely (1) the target/core/breeder region, (2) the
convection draft generating region and (3) the heat exchangers region.  A
remotely controlled pantograph transfer machine is used to transfer fuel
between the core, storage racks  located in the convection generating region
and the transfer station, where they can be inserted or removed from the EA
vessel by a transfer cask24.   The fuel storage region can be used also as a
cooling down region for spent fuel.  Fuel bundles can be extracted or
introduced into the vessel with the help of appropriate tooling through the
top cover of the vessel.  According to previous experience with such
pantographs, widely used in existing Fast Reactors, the refuelling time may
require in the order of 1-2 weeks.  As described in Ref. [1], it is to be
performed about once every five years or so.
Convection driven circulation of molten metal is relatively new and
unconventional, especially at such a large power level.  Therefore rather
elaborate and complete hydrodynamical simulations have been performed
with a sophisticated computer code [10] in which all the main internal
elements of the tank have been included.  The results, in agreement with the
analytic calculations of Ref. [1] show a smooth, safe and flexible operation in a
variety of possible scenarios.
As an example, we show in Figure 9, taken from Ref. [10], the transition
from full to zero beam power.  The temperature of the core and the coolant
flow adiabatically settle between the two operating conditions in a short time
and with no transients, except a small damped oscillation of the liquid flow.
This in particular confirms that it is possible to vary easily and rapidly the
energy output of the EA simply by changing the current of the accelerator.
Such a flexibility to load variations is for instance not offered by a critical
reactor, where power level changes  are delicate operations.
The proton beam enters the vessel through a long cylindrical  evacuated
tube of about 40 cm diameter, which restricts to 30 cm before entering the core
region.  The full beam pipe can be retracted like a sword from the top of the
vessel for maintenance and inspection operation.  The beam diameter at the
24Refuelling machines of this type have been applied in the UK’s PFR, Italy’s PEC and Japan’s
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Figure 9.- Effects of a full power to zero beam power transition as predicted by the
hydrodynamical computer simulation.  From Ref. [10].
window is about 25 cm25.  The life expectancy of the beam penetration
window is estimated to be about 1 year, namely it requires periodic
replacement, performed by extracting the full beam tube.  The window is
cooled by the main Lead circulation in the vessel.  Accidental breaking of the
window will fill the beam tube with molten Lead. This will bring the Energy
Amplifier to a halt, since the injected Lead will act as a beam stopper.  The
safety issues of the beam penetration channel are discussed further on.
There are no control bars and the power produced is controlled with the
beam current. A feed-back system ensures that the inlet temperature of the
heat exchangers is maintained to the specified value.  For further safety
however the ultimate shutdown assembly which drops CB4 by gravity, is
retained, following the ALMR design.  This  simple scram system is used to
anchor the EA solidly away from criticality when not operating.  In contrast
with an ordinary Reactor, in the EA there are no main elements of variability
in the neutronics of the device.
Accidental thermal run-off is ultimately prevented using the natural
expansion of the coolant.   In case of an overheating of the EA, its Lead level
25 These numbers are slightly larger than the ones of Ref. [1], in order to allow for the larger
beam current foreseen in the present device.
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rises at the rate of  27 cm/100 oC.  Such a level rise is used to activate an
overflow path which
(1) fills through a siphon a cavity located about 25 m above the Core, in
which the proton beam is safely absorbed.  The natural convection is
adequate to remove the full power of the proton beam, even if it would
continue indefinitely.
(2) scrams the EA to a low k- value.  Safety is also enhanced by the strong
negative void coefficient and the negative temperature coefficient
(Doppler) of the fuel which operates at relatively low temperatures.
These passive safety features are provided as a backup in case of failure
of the active systems, based on the ultimate shut-off of the proton beam from
the accelerator, which brings to an immediate stop the fission generated
power of the Amplifier.   These functions are achieved by passive means
without operator action. The key processes underlying these functions are
governed by thermal expansion, natural circulation of molten Lead, natural
air circulation on the outer containment surface, and thermal radiation heat
transfer which becomes very effective at elevated temperatures.  Our design
integrates all these effects into an efficient passive safety system which can
accommodate primary coolant flow loss and loss of heat removal of
secondary transport system with benign consequences on the Core, which can
survive with no damage.  Safety is ensured by deterministic laws, rather than
probabilistic arguments.
The strategy and the choice of fuels is a part of the experimental
programme which is evidently wide open at this stage and which depends on
the strategy of further use of the EA, which is evidently use dependent.
However it is important at this stage to indicate in more detail some
possible scenarios of possible accidents and to indicate the benign effects on
the equipment, result of the high level of intrinsic safety of the device.
1) Beam associated accidents.
By switching off the bending magnets of the last bending, the beam can
be safely diverted to a dedicated beam dump.  An appropriate but
conventional design of the beam channel allows to perform the switch
to the beam dump in a time of the order of 1 millisecond, which is
extremely short in view of the thermal inertia of the Amplifier.  The
beam, focused by conventional quadrupoles, traverses the whole beam
penetration tube and enters in the Lead coolant and target through a
window made of Tungsten »  3 mm thick.  The material has been
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chosen for its high melting temperature (3410 oC), its excellent thermal
conductivity, its high mechanical strength and acceptable activation
properties.  In addition it exhibits a negligible corrosion by molten
Lead.
The beam spot size is determined by the physical  distance from the
focal point (»  30 m), where a narrow collimator has been installed.  This
arrangement ensures that the beam size at the window cannot become
abnormally small, for instance as the result of a miss-steering or a
failure of the beam transport.  The proton beam  window has a
spherically curved profile and it is cooled by the bulk of the Lead
coolant circulating in the target region at a speed of the order of a few
m/sec.  Montecarlo calculations, in excellent agreement with
experimental data  have been used in conjunction with a fluid-dynamic
code to predict the temperature and flow of the coolant and the
conditions of the window26.   Thermal stresses associated with beam
intensity variation have been estimated and found largely within the
limits set by the properties of the material.
The window should safely withstand accidental power densities which
are more than one order of magnitude larger than the design value.
The expected peak radiation damage in the window after 6000 hours at
full beam intensity is of 171.1 d.p.a. and the associated gas production
are of 1.1 ·  104  He (appm) and 9.97 ·  104 H (appm).  These values are
reasonable but suggest that the window should be periodically
replaced.  A high quality vacuum ( £  10-4 Torr) in the final beam
transport and in the Accelerator is easily ensured by differential
pumping and a Cold Trap in which Lead vapour will condense.  The
low Lead vapour pressure in the last part of the beam transport ( »  5 ·
10-4 Torr at 600 ° C) has no appreciable influence on the proton beam
which has a high rigidity and penetrating power.
A totally passive system will ensure that an enlarged volume region,
sufficiently massive to stop the proton beam will be automatically filled
with liquid Lead, the Emergency Beam Dump Volume (EBDV).
Indeed in the unlikely case that the Tungsten window would break,
liquid Lead will rise, such as to fill completely the pipe and the
Emergency Beam Dump Volume, though at a slightly lower level, but
still sufficient to kill the beam and bring the Amplifier safely to a halt.
26The thermal hydraulic model has been built using the code STAR-CD [11] and describes at
the same time, the thermal behaviour of the lead (liquid) and of the beam window (solid).
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It has been verified that convection cooling can safely transfer the heat
produced in the EBDV to the main Lead coolant.  This method is
applicable because of the high density (10.33 g/cm3) and the low
vapour pressure (»  5 ·  10-4 Torr at 600 oC) of the molten Lead.
2) Unexpected overheating of the tank during beam on conditions.
In the unlikely possibility that the beam would persist in absence of
heat exchangers operation, the temperature of the molten Lead will
slowly rise, damped by the large thermal inertia of the mass of Lead
(mL =104 tons).  The heat capacity cp of Lead being of 0.15 J/gr ° C, at
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One half of the molten Lead at 400 ° C (down coming path) will rise
through the core to 650 ° C in 250 · 0.5 /1.0 = 125 seconds, with a
volume increase of D V/V = 1.39 · 10-4 · 0.5 · 250 = 0.017, corresponding
to a level rise of 30 · 0.017 = 0.52 m, largely sufficient to trip the
Emergency Beam Dump Volume (EBDV), even before the full available
time has elapsed. We remark than during this time the incoming Lead
temperature to the core will remain at 400 ° C and the core will detect
no major change of conditions, the lead speed being held by inertia.
This result is fully confirmed by detailed hydrodynamic computer
simulation.
3) Unexpected overheating of the tank during beam  off conditions.
This effect is known as “meltdown” and it is physically impossible in
our case, due to the persistence of the convective motion of the Lead
coolant which tightly couples  thermally the outer wall of the vessel to
the core.  The heat production due to decays is quickly decaying with
time, as shown in Figure 10.  After 20 hours, which is the time of the
highest temperature of the tank, the decay heat power is about
10MWatt.  Such a long "latency" time of the decay heat is in turn
determined by the large heat capacity of the tank. The effective surface
of the outer vessel being in excess of 620 m2, the corresponding peak
power flow to be dissipated to the environment is then of the order of
1.0  · 107 / 6.2 · 106 = 1.61 W/cm2, which is a very small value, easily
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Figure 10. - Time dependence of the decay heat after shutdown following a long
running period.  From Ref. [10].
capacity of the coolant (see point 2) and the rapidly falling power of
decays (see Figure 10), the actually required time averaged heat
dissipation is even smaller.  At all times, the convection-driven tight
thermal connection between the core and the outside walls introduces
an enormous dilution in the power density.
The outside walls of the tank are normally in contact with the cooler,
down-going path of the convection driven molten Lead flow.  If there is
a Total Loss of Power (TLOP) accident, evidently the heat exchanger
will stop operating and the equilibrium temperature of the down-going
flow  will be eventually substantially higher, close to the equilibrium
temperature within the vessel.  Therefore it is possible to make use of
this temperature change because of the strongly non-linear dependence
of the Stefan-Boltzmann law, which controls the heat transfer between
the double walls of the tank.  The power radiated is
  h r= · -( )-5 668 10 8 4 4 2.   /T T W min out , where r  = 0.50 is the assumed
reflectivity of the walls and temperatures are in Kelvin.  Setting Tin =
923 ° K(650 ° C) and Tout = 573 ° K(300 ° C)  we find h = 1.75 · 104 W/m2
during  emergency conditions and h  = 2.76 · 103 W/m2   for normal
operating conditions, Tin = 673 ° K(400 ° C). This means that the stand-
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by leakage27 of 620 ·  2.76 · 103 Watt = 1.71 MWatt rises during TLOP
emergency to 10.9 MWatt of leakage, which corresponds to the decay
heat rate after some 20 hours.  Before that time the decay heat being
larger than the leak-out rate, the temperature will gently rise at the
expense of the large heat capacity of the molten Lead.  After this time
the temperature will progressively decrease. A very elaborated
computer simulation of a TLOP event has been carried out, taking into
account the hydrodynamic and thermal behaviour of the whole tank
and of the air in the air vent.  Results are shown in Figures 11 and 12
and fully confirm the simple analytic considerations above.  As one can
see, the temperature rises first and then decays smoothly.
 4) Severe deformation of the core geometry and Void formation in the coolant.
Computer simulations show that under no circumstance the
multiplication k increases appreciably. Therefore this type of accident
cannot generate a critical situation, even for k > 0.95.  This ensures
safety in the case of total or partial accidental disassembly of the fuel
elements. The void coefficient is positive [1], and therefore the
accidental formation of a void is reducing the value of k.   We note in
addition that at the pressure of the core (30 atm) the boiling point of
Lead is in the vicinity of 2000 ° C and therefore this eventuality is
purely academic.
5) Partial loss of cooling Lead.
This is a very hypothetical assumption since the  Lead “swimming
pool” is gravitationally contained in a double wall container vessel and
the concrete silo is the ultimate container.  Notwithstanding, the
variation of the multiplication coefficient k for a partial emptying of the
Lead coolant as shown in Figure 13 taken from Ref. [3], for a variety of
fuels and at different stages of burn-up.  There is always a reduction of
the value of k and therefore a loss of criticality. This in particular
implies that if the whole core support is disconnected and the core
“floats” at the surface of the molten Lead, it cannot become critical.
27 There is a specific added safety advantage of keeping the vent operating at all times during
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Figure 11. - Power due to decay heat and removal rate as a function of time after
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Figure 12.- Evolution of the temperatures of the external vessel and maximum of
Lead during a TLOP accident. From Ref. [10].
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6) Reactivity insertion.
As is well known, a sudden, accidental criticality insertion in a Fast
reactor can have a sudden huge  (thousand fold) increase of power
with catastrophic consequences.  The effect is very mild in our case, as
discussed in Ref. [1]. A change in k of + 0.01 (2.5 $) at k = 0.95 causes an
approximate power increase of   D D Dk k G G P P/( ) / / %1 20- » = » + ,
further damped by the negative temperature coefficient of the fuel.
7) Full or partial  loss (melting) of the fuel cladding.
The density of the fuel cladding is 7.87 gr/cm3, smaller than the one of
the molten Lead (10.3 gr/cm3). If a sudden, total loss of the cladding
(melting ?) occurs, it will quickly float at the surface of the Lead. The
corresponding k change is +0.01, too small to produce any sizeable
effect to the multiplication (see point 6). The same effect in a Lead
cooled fast reactor will instead make it prompt-critical.
8) Solidification of the  molten Lead.
The EA has a negative Doppler temperature coefficient, D k/D T =
– 1.37 · 10-5 [1].   An extreme  fuel temperature change, D T = 700 ° C
will produce an increase D k = + 9.6 10-3, again far to small to produce
any effect.  We remark that the inevitable decay heat is already
sufficient to keep the Lead liquid for a very long time without
intervention.
Finally, the overall safety of the device requires that the value of k is
continuously monitored. This can be done very simply varying for a short
time the beam current with a step function and observing the exponential
decay time in the neutron (fission) activity, which has a time constant directly
proportional to 1/(1-k), typically in the several hundred microseconds range.
An increase in such a decay constant directly signals an increase of the
multiplication constant.
In conclusion even the most extraordinary disaster scenarios have benign
consequences on the installation, based on deterministic physical laws rather
than probability estimates. Evidently a more thorough analysis will be
required to achieve licensing.  However the high level of intrinsic safety needs
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Figure 3.2
Figure 13. - Relative variation of the multiplication coefficient k as a function of the
fraction of the vessel  voiding  in a variety of conditions.  (EOC), (BOC)
are respectively the end and the beginning of the cycle.  There is a small
difference between the fillings with PWRs Plutonium waste (Dirty Pu)
and the one with surplus Weapon Plutonium (Wea Pu). The case of the
standard Thorium-Uranium operated EA (Th-U) is also shown as a
reference. From Ref. [3].
5.— TIMESCALE AND GENERAL STRATEGY.
At this stage we can give only qualitative statements. The construction
time of the EA demonstration plant, provided the appropriate resources are
available can be roughly estimated to be of the order of five years.  The
construction phase must be preceded by an R & D phase of the critical
components of the project and by a final engineering design phase.  Amongst
the topics which require R & D it is worth mentioning (1) Lead corrosion and
(2) Superconducting cavity modifications for b  „  1 operation.  It is estimated
that these preliminary phases will add about one year to the total duration of
the construction project.
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The LEP superconducting cavity redeployment and modifications may
take the last  1.5 years within the five years construction plan.  Assuming that
the project can start at beginning of 1997, the construction phase will begin at
beginning of 1998, leading to the first beam by the end of 2002.  Therefore LEP
cavities are needed by the middle of 2001, which is in good agreement with
the present CERN plans to shut-off LEP by the end of year 2000 [5].  There is
also plenty of time to conduct the necessary R & D for the required
modifications.
Commissioning of the EA may take of the order of 1 to 1.5 years during
which the beam power and the k  coefficient are gradually risen to the design
figure of 30 mA ·  GeV and k  = 0.95.  At this point it would be necessary to
keep the EA running for the largest possible fraction of the time and at the
highest possible power level, in order to explore long burn-up behaviour.
Therefore by the middle of 2003 progressively larger amounts of high quality
heat will become available.  One has to decide at this point if the produced
power is simply dissipated away or if it is utilised for instance for electricity
production.
As already pointed out, the EA is essentially a source of high quality
heat.  Assuming an effective year of equivalent full power operation — which
at least at the start may represent for instance a couple of calendar years) the
amount of  heat produced will be  1.5 ·  3.15 · 107 = 4.73 ·  107 GJ, equivalent
to the caloric content of 9.8 Million barrels of Oil or 2 million tons of Coal
(Tec).   The commercial value of this energy, assuming the current price of 3.0
ECU/GJ is then 3 · 4.73 ·  107 = 141 MECU.  The fuel load should last 5
equivalent full time years of full power [1], at the end of which it has to be
“regenerated” by a reprocessing procedure in which fission fragments are
separated out.  The lifetime of the installation has been estimated in Ref. [1] to
be in excess of 60 years.
The accumulated Fission Fragments waste amounts to less than 700 kg
for each effective year of operation [1].  The main short term activity of this
“waste” is dominated by the 90Sr (74.76/5 = 15 kg/year [1]) and 137C s
(118.5/5 = 23.7 kg/year), which  both have a half life of the order of 30 years.
There is little or no a - emission28 and the “waste” reaches the radiotoxicity
level of the Coal ashes29 for the same amount of energy produced after about
28 Mostly related to the leakage of Actinides in the waste stream. It is believed that
improvements are possible in the reprocessing technology in order to minimise this fraction.
29 Of course the overall impact of coal burning is far worse than the one of the radioactive
contaminants present in the fumes and the ashes.
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500 years, which is an acceptable intermediate storage time30.  In this respect
the long time environmental impact of the EA is quite comparable to the one
of Magnetically confined Fusion [12], as shown in Figure 14, taken from Ref.
[12].
Methods are being developed in order to further reduce the short- and
long-term radiotoxicities of the waste by incineration [2].  The asymptotic
radiotoxicity (T ‡  500 y) even without incineration has a level which is
comparable to the one of Thorium  which is burnt in the EA.  Therefore from
the point of long-lived radiotoxicity there is an overall  break-even balance.
If the EA is used in order to eliminate Plutonium waste from reactors,
each effective year it will burn (on average) »  500 kg of Plutonium mix,
producing of the order of 350 kg of 233U31, with approximately the same
“waste” production rate as previously indicated.  The energy generated by
the EA is about 40% of the one already produced in the ordinary Reactor  in
association with the quantity of Plutonium eliminated.    For more details we
refer to Ref. [3].
30 Of course, for instance, after about 150 years, the radiotoxicity has already dropped by the
factor 2-5 = 1/32 due to the 30 years half-life of the leading radioactive elements.
31 This element can be used as “seeds” for another EA or burnt in an ordinary PWR as











































Figure  14. - Ingestive Radiotoxicity index in relative units for
(a) Ordinary PWR reactor.  Different curves are for two different
scenarios
(b) Models 1 and 2 of MF from Ref. [13];
(c) Predictions from Ref. [1] of EA without FFs incineration and two
levels of incineration as discussed in the text.
(d) the ingestive radiotoxicity produced by a coal-fired plant due to
impurities in Coal, according to Ref. [13].  Coal burning associated, long
lived radiotoxicity is a good reference case for no need of Geologic Storage.
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